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EXECUTIVE SUMMARY

Structural defects that develop over the lifetime of nuclear power plants (NPPs) could threaten the safety
and security of the concrete infrastructure. Developing a reliable nondestructive evaluation (NDE)
method to evaluate the damage in NPPs and their associated structures will greatly improve the long-term
operation and safety of NPPs. The purpose of the US Department of Energy Office of Nuclear Energy’s
Light Water Reactor Sustainability program is to develop technologies and other solutions that can
improve the reliability, sustain the safety, and extend the operating lifetimes of NPPs beyond 60 years.
This report describes the progress made toward growing NDE capabilities for NPPs. It also documents
expanded collaborations with the Electric Power Research Institute (EPRI) and future opportunities to
collaborate with industry partners (i.e., vendors and utilities) and university partners. These collaborations
will continue to stand as a framework to provide value to stakeholders by reducing uncertainties and
potential delayed maintenance costs in NPPs.

1. INTRODUCTION

Structural defects that develop over the lifetime of nuclear power plants (NPPs) could threaten the safety
and security of the concrete infrastructure. These defects form due to natural aging, environmental
impacts, or flawed construction. The harsh nuclear environment adds significant difficulty to the detection
and correction of concrete defects because often times this means sending individuals into radiological
areas. Coring and other destructive testing methods are typically employed, but this is not an ideal
structural health-monitoring solution for NPPs because it introduces fatigue to the infrastructure.
Developing a reliable nondestructive evaluation (NDE) method to evaluate the damage in these structures
will greatly improve the long-term operation and safety of NPPs.

Oak Ridge National Laboratory (ORNL) has supported the NDE of concrete under the Light Water
Reactor Sustainability (LWRS) program [1-7]. This effort has included the development of concrete
specimens to study the detection of known concrete defects, such as delamination, voids, honeycombing,
and alkali-silica reaction (ASR). Several of these studies evaluated increasingly complex and thicker
concrete specimens. Initial efforts investigated methods and instrumentation that are commercially
available for NDE, as well as performed research and development on new instrumentation [8].

This report describes the progress and growth made toward growing NDE capabilities. Despite the limited
budget and restricted travel, this task continued to contribute to the NDE community through conferences,
such as SPIE Smart Structures and NDE and quantitative NDE, and through digital meetings, such as
Electric Power Research Institute (EPRI) roadmap meetings, LWRS program reviews, and collaborative
discussion. The task also focused on supporting and leading several US Department of Energy Office of
Nuclear Energy proposals that address structural health monitoring and NDE with industry and university
partners.

Collaborations with university partners shifted the focus of these studies from developing the physical
instrumentation to creating reconstruction algorithms that are used to generate multi-dimensional images
from the data acquired by the NDE measurement to maximizing the information. Applying advanced
image reconstruction algorithms to the instrumentation enables a more complete analysis while on-site.
Typically, ultrasonic instrumentation uses a synthetic aperture focusing technique (SAFT) for real-time
image reconstructions. SAFT reconstructions generate a cross sectional image by using a specialized B-
scan, which is a compilation of many A-scans (i.e., the output of an ultrasonic sensor). It is a delay-and-
sum technique that uses a time-of-flight signal and the speed of sound in the medium. A color-based map
is created by using the signal amplitude. Converting time to distance by using the propagation velocity of
the material enables the calculation of the round-trip distance for each transmit and receive sensor pair.



However, these reconstructions contain artifacts and background noise that disguise and obscure defects
that may be present. To address these issues, research focused on the development of an improved SAFT
algorithm, frequency-banded SAFT (FB-SAFT) [9], that uses frequency banding of the B-scans post
SAFT processing to reduce noise and artifacts in the images, as shown in Figure 1. This image
reconstruction technique is more complex than standard SAFTs but only requires a small addition of
computational time.
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Figure 1. Illustration the FB-SAFT technique. The discrete-time signals are filtered through the use of a wavelet
packet decomposition followed by selective reconstruction based on the retention of desired frequency bands. Node
16 (31.25-62.5 kHz), right sub-image, is typically the best reconstruction band as the center frequency of the
instrument used to collect this data falls inside the 31.25-62.5 kHz band. In Node 32 (15.625-31.25 kHz), the defect
is obscured due to the additional, but uninformative, energy in that band.

Although the FB-SAFT reconstructions greatly improved the SAFT reconstructions, the method limits the
data obtained from the entire measurement bandwidth. It also limits the signal of interest, even though it
limits artifacts and background noise. To address the loss of data, an ultrasonic model-based iterative
reconstruction (U-MBIR) algorithm was developed. A typical U-MBIR problem contains two main parts:
the forward model that describes the physical system (i.e., measurements) and the prior model that
describes the object (i.e., image) to be reconstructed, as shown in Figure 2. Prior models are based on
known image reconstruction techniques, such as edge detection, physical medium properties, and
shadowing due to solids in the medium. This method is more computationally time consuming due to the
iterative steps but is also more powerful in image reconstructions and is different from FB-SAFT because
it uses the entire bandwidth of data. The U-MBIR method requires more research to decrease the
processing time from several hours to several minutes; however, a clear path for accomplishing this was
identified, which included using SAFT reconstructions as a prior (i.e., image) model. Both reconstruction
techniques are discussed in greater detail in multiple reports and publications [1-5].
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Figure 2. Illustration of U-MBIR.

2. IMPACTFUL COLLABORATIONS

Understanding structural health monitoring requires a diverse research team including civil engineers,
electrical engineers, nuclear engineers, and material scientist. Through the LWRS Program, ORNL’s
concrete NDE team has collaborated with EPRI for several years, combining basic science expertise and
field experience. EPRI certifies and creates field guides, such as the roadmaps built within their research
programs, based on this collaborative research. The goal behind the concrete NDE roadmap development
is to identify gap areas and prevent the duplication of research efforts, which dilutes research funding.
The concrete NDE roadmap is divided into three research areas including physical NDE, approach and
degradation mechanisms, and structural health monitoring. Tasks were planned through the year 2023 for
ORNL and INL, university partners, EPRI, industry, and US Nuclear Regulatory Commission
participants. Contributors are expected to bring their own funding but contribute equally to the
development of this high-impact program.

Areas of collaboration were identified through the roadmap development. For example, EPRI is very
interested in applying the LWRS U-MBIR method to the ultrasonic tomography systems at its concrete
demonstration facility. The ultrasonic tomography system will process the data by using internal
software—Tlikely a SAFT reconstruction—to produce initial reconstructions. Then, U-MBIR would
postprocess the data to allow additional information to be obtained from the original dataset. EPRI would
then provide feedback to ORNL about possible improvements that could lead to software
commercialization. ORNL would provide this tool to EPRI for free. However, end users must be trained
to use the tool, so funding is needed to pay for training hours.

EPRI has developed an extensive concrete laboratory at its Charlotte, North Carolina office that includes
a large-scale experiment that was recently designed to contain intentionally introduced, well-known
concrete defects in nine different specimens. These large rectangular slabs were created to allow
collaborators to establish the limitations of their equipment (e.g., depth of measurement, edge effects,
ability to see around solids), demonstrate the capability to detect defects (e.g., minimal size of defects),
and further develop equipment and data analysis algorithms. Furthermore, an additional set of nine
mockups with similar characteristics were fabricated in Europe to allow for international collaboration.
To enable experimenters to demonstrate their defect detection capability, the information regarding the
location and makeup of the defects is withheld so that the experiment is considered blind. The participants
report their results, which are compared with the as-built characteristics of the mockups. The concrete
NDE team used ultrasonic measurements collected on the concrete specimens to continue development on
the data analysis algorithms. This year, negotiations on intellectual property were discussed to create a



collaborative agreement between ORNL and EPRI that addresses this experiment. Additionally, EPRI
requested control of the publication of these results until all measurements are completed and the results
are reported to EPRI.

Potential collaborations with industry partners were initiated, with one vendor requesting ORNL to
evaluate NPP NDE and structural health monitoring. This is expected to be a multiyear collaboration with
several other collaborators, including EPRI. ORNL will leverage extensive instrumentation experience to
identify existing solutions and develop novel techniques by using embedded sensors for material studies
and demonstrations. Moreover, this research would build on the fiber-optic research developed under the
LWRS NDE and structural health monitoring of large concrete specimens that contain alkali-silica
reaction to evaluate concrete degradation, rebar separation, and other longer term NPP failures.

University partnerships that promote more research and development by investigating new techniques and
instrumentation within NDE will also be pursued while serving industry in a collaborative role. Based on
the experience developed during the ASR evaluations, a consortium is anticipated to be used to coordinate
and more effectively disseminate the results for industry use. To date, the ORNL team has worked with
the University of Minnesota, Vanderbilt University, the University of Pittsburgh, and the University of
Tennessee-Knoxville. The team is also fostering connections between the concrete research team and
researchers at the University of Nebraska, Michigan State University, and lowa State University which
are anticipated to lead to the submission of multiple proposals in the coming year. Some proposals will
focus on continuing the development of ultrasonic methods and image reconstruction, and others will
focus on developing entirely new NDE methods. With this collaboration, the universities would have
access to the advanced algorithm development at ORNL and train their students under subject matter
experts. Although the algorithms were initially developed for application to ultrasonic measurements, the
research team thinks that the algorithms can be modified for application to other instrumentation.
Partnerships with universities that are developing novel instrumentation would create opportunities for
expanded algorithm applications. This is expected to reduce the costs of developing these instruments and
provide image reconstruction options for the universities. Based on this initial work, the ORNL NDE
team was invited to serve on the Industry Advisory Board within the lowa State University’s Center for
Nondestructive Evaluation.

3. CONCLUSIONS AND FUTURE WORK

This report documents the expanded collaborations with EPRI and opportunities with industry
(i.e., vendors and utilities) and university partners. Although the limited FY20 funding and travel
restrictions directly impacted the pace of building the collaborations, it provided the framework for
providing value to stakeholders by reducing uncertainties and potential maintenance costs.
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